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We report a method for loading cold atoms into an optical trap with high initial phase-space
density (PSD). When the trap beam is overlapped with atoms in optical molasses of optimized
parameters including large cooling beam detuning compared with conventional detuning used for a
magneto-optical trap (MOT), more than 3 × 106 rubidium atoms with an initial temperature less
than 20 µK are loaded into a single beam trap. The obtained maximum initial PSD is estimated
to be 1.1 × 10−3, which is one or two orders of magnitude greater than that achieved with the
conventional loading into an optical trap from atoms in a MOT. The proposed method is promising
for creating a quantum gas with a large number of atoms in a short evaporation time.
PACS numbers:
I. INTRODUCTION
An optical trap, in which a detuned light beam confines
an atom due to AC Stark potential, is one of the most
useful tools in cold-atom experiments [1]. It can hold
atoms regardless of their spin, whereas a magnetic trap
can hold only atoms in low-field-seeking states. Owing to
this advantage, the optical trap has enabled the study of
collisional properties between different spin states [2] or
spinor Bose-Einstein condensates (BECs) [3–6]. Another
advantage of optical traps is the high flexibility for spatial
shapes in the trap. Trap potentials of various shapes, in-
cluding box-shaped trap potentials [7], can be created via
suitably designed optical traps. Optical traps also enable
dynamical shape change using a lens on a moving stage
[8], an acousto-optic modulator (AOM) [9], and a focus-
tunable lens [10]. Moreover, evaporative cooling in an
optical trap requires a shorter time compared to that in
a magnetic trap owing to the tight confinement in optical
traps. The short evaporation time enables a high repe-
tition rate in experiments and relaxes the requirement
for a high vacuum, which is mandatory for achieving a
long trap time. In addition, the evaporative cooling in
optical traps is indispensable for creating quantum de-
generate gases of atoms having no electric spins such as
alkaline-earth (like) species (for example, [11, 12]).
The simple and most popular strategy to pro-
duce quantum degenerated gases through an all-optical
method (that is, without magnetic traps) has been the
initial loading of many atoms from a magneto-optical
trap (MOT) into a deep trap produced by a high-power
beam. Although the atoms get heated during the load-
ing and their initial temperature is higher than that in
MOTs, the trapped atoms can be cooled via successive
evaporation. If the initial number of atoms in the trap
is sufficient, the atoms reach quantum degeneracy with
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evaporative cooling. A BEC containing 104 or 105 atoms
is typically produced when a few million bosonic atoms
are initially loaded into an optical trap with an evapo-
rative cooling time of several seconds [13–15]. A larger
quantum degenerate gas will be created in a shorter evap-
oration time if the initial temperature can be decreased.
Kinoshita et al. [16] reported the production of a BEC
with 3.5× 105 atoms through the evaporative cooling in
an optical trap in 1 s with pre-cooling in an optical lattice
before loading the optical trap.
We report a simple and effective method for loading
many well-cooled atoms in an optical trap. The load-
ing is performed by overlapping the beam with atoms
in optical molasses. More than three million atoms are
loaded into a single-beam optical trap with the depth of
280 µK. The initial temperature of loaded atoms is found
to be 15 µK, while the temperature in the conventional
loading method is accompanied by heating, after which
the temperature settles to ∼ 1/10 of the trap depth by
plain evaporation with loss of a fraction of atoms [14].
Owing to the low temperature compared with the trap
depth, the estimated initial PSD for the optimal loading
exceeds 10−3, which is one or two orders of magnitude
greater than that obtained with the conventional loading
method. We attribute the increased PSD to the absence
of a magnetic field gradient during the loading into the
optical trap and the detuning of the cooling beam much
larger than that used for conventional MOT.
II. EXPERIMENTAL SETUP
We prepare cold 87Rb atoms in a vacuum glass cell
using a MOT in the independent six σ+σ− beam con-
figuration. The cooling beam is detuned by ∆M = −20
MHz from the 52S 1/2 F = 2 to 5
2P3/2 F
′ = 3 transition
and the repump beam is resonant to the F = 1 to F′ =
2 transition. The cooling and repump beams are output
from an optical fiber, expanded to a beam radius of 8
mm, and divided into six beams with equal power. The
powers of the cooling and repump beams output from
the fiber are 150 mW and 2 mW, respectively. The peak
2intensities at the cell (summed over all beams) are IM =
140 mW/cm2 and IR = 2 mW/cm
2, respectively, con-
sidering the power loss at the cell. A pair of coils in the
anti-Helmholtz configuration generates a magnetic-field
gradient of 11 G/cm (along the coil axis) for the MOT.
We typically collect 2× 108 atoms in the MOT within 10
s.
After collecting atoms, we compress the MOT by us-
ing the following standard method. We increase the field
gradient to 25 G/cm in 10 ms and decrease the repump
beam intensity IR to 10 µW/cm
2 in another 10 ms. Dur-
ing the decrease of repump beam intensity, ∆M is swept
to −32 MHz by changing the RF frequency applied to an
AOM in the cooling beam path.
We turn off the magnetic-field gradient within 1 ms
after the compression and start the polarization gradient
cooling (PGC), which consists of two parts. In the first
part, ∆M is swept from −32 MHz to −80 MHz and IM is
decreased to 1/4 of the initial intensity in 10 ms while IR
is kept constant. The second part starts with a frequency
jump of the laser locking point from the F′ = 3 peak to
the F′ = 2 - 3 crossover peak. This jump shifts ∆M by
−133 MHz and enables large detuning. We use commer-
cially available laser servo controller (Vescent Photonics
Inc., D2-125), which realizes the frequency jump with a
sample-and-hold circuit. The frequency jump is achieved
within 600 µs, during which no significant diffusion of
atoms is observed. We note that the jump almost per-
fectly succeeds with optimization of the locking signal,
the voltage determining the jumping frequency and the
unlocking duration. After the jump, the repump beam
detuning is set to ∆R = −123 MHz to be led to the gray
molasses cooling [17, 18]. The repump beam power is
increased to the maximum in this period. At the same
time IM and ∆M are swept and their final values are 15
mW/cm2 and −240 MHz, respectively. The cooling in
this part lasts for 2 ms. After the second part, 1.8× 108
atoms at less than 10 µK are typically produced with
cancellation of the residual magnetic field using three
coil pairs for generating conditions that allow effective
PGC. The coil currents are finely adjusted to minimize
the temperature in the molasses after the second part
cooling. We estimate the residual field to be less than 50
mG.
The optical trap beam is turned on after the atom
cloud is cooled with the cooling and repump beams kept
on. The trap beam is generated from a Ti:S laser and
is red-detuned from the D2 line by 2.3 THz. The beam
is passed through an AOM for intensity control and de-
livered to the cell via an optical fiber. The beam profile
is elliptic with the vertical and horizontal beam waists
being 23 µm and 69 µm, respectively. The beam is fo-
cused in the molasses. Further, the beam propagates in
the horizontal plane and is linearly polarized along the
horizontal axis. The beam power is set at the maximum
value of 196 mW, unless otherwise indicated. The maxi-
mum potential depth is calculated to be kB× 280 µK.
The molasses and the optical trap beam are overlapped
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FIG. 1: Cooling-beam-frequency dependence of the number
(a) , temperature (b) and phase space density (c) of trapped
atoms. The circles and squares are for IM = 15 mW/cm
2 and
42 mW/cm2, respectively.
for 40 ms, unless otherwise indicated. The loading of
atoms is completed in this period, as described later. Af-
ter the loading, we shut off the cooling and repumping
beams and hold atoms in the optical trap for 25 ms, dur-
ing which the atoms in the molasses fall off and are sep-
arated from the optical trap. During the holding, the
atoms are irradiated by a weak pumping beam, and al-
most all atoms are pumped to the F = 1 state. We mea-
sure the atom number and temperature of the atoms in
the optical trap as well as those in the MOT and the
molasses through absorption imaging after the time of
flight.
III. DEPENDENCE OF LOADING ON
MOLASSES PARAMETERS
We investigate the dependence of the loading on mo-
lasses beam parameters such as the intensity and detun-
ing of the cooling and repump beams. The molasses pa-
rameters during the second PGC part and the loading
are changed when taking the following data.
We first focus on the dependence of the atom number
and temperature on the cooling beam detuning ∆M. The
repump beam intensity and detuning are fixed during this
measurement to IR = 10 µW/cm
2 and ∆R = 0 MHz,
respectively, which are optimal values for the loading,
as shown later. Figure 1 (a) shows the atom number
increases with increasing |∆M| in the measured detuning
range. The data with larger detuning is not taken owing
to technical limitations. The atom numbers are almost
same for IM = 15 mW/cm
2 and 42 mW/cm2.
The temperature increases for large detuning (see Fig.
1 (b)). The temperature for IM = 15 mW/cm
2 is slightly
lower than that for IM = 42 mW/cm
2 when compared
for the same ∆M. This behavior of the temperature is
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FIG. 2: Dependence of atom number on the repump beam
parameters. (a) Atom number as a function of the detuning
from the F=1 - F′ =2 resonance frequency. The data are
taken for IR = 10 µW/cm
2 (closed circles) and 28 µW/cm2
(open squares). The lines are guides to the eye. (b) Depen-
dence of atom number on the repump beam intensity at a
fixed detuning of ∆R = 0 MHz. The cooling beam intensity
and detuning are IM = 28 mW/cm
2 and ∆M = −232 MHz,
respectively.
reasonable because the laser frequency becomes close to
the F = 2 - F′ = 2 resonance, which is separated by 266
MHz from the F = 2 - F′ = 3 transition frequency. In
addition, the AC stark effect in the optical trap shifts the
resonance frequency by approximately + 10 MHz for the
deepest trap; consequently, the laser frequency becomes
even closer to the shifted F = 2 - F′ = 2 resonance. Al-
though the larger detuning is advantageous to maximize
the atom number, the large detuning causes tempera-
ture increase. The PSD is almost constant when |∆M|
is smaller than approximately 230 MHz and it drops for
the larger detuning as shown in Fig. 1 (c). The following
experiments are performed with IM = 28 mW/cm
2 and
∆M = −232 MHz with experimental optimization, which
gives a high PSD and large atom number as well.
It should be noted that the low temperature of the
atoms in the optical trap demonstrated here is quite strik-
ing compared with the loading from MOT. The conven-
tional loading method is usually accompanied with the
heating of atoms (an initial temperature T ∼ U/4 has
been reported [19]), after which the temperature settles
to ∼ U/10 due to evaporation. The temperature here
is well less than 1/10 of the trap depth, which is kept
constant to kB× 280 µK for these data. Considering the
deformation of the trap due to the scattering force [20],
the net potential depth is U = kB× 230 µK and T is
still less than U/10. This result indicates that the atoms
in the optical trap are cooled by the PGC during the
loading.
The atom number in the optical trap also depends on
the repump beam intensity IR and detuning ∆R. Fig-
ure 2 shows the atom numbers in the optical trap for
different repump parameters. As in the case of loading
from the MOT [19], the atom number is maximized when
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FIG. 3: Influence of the magnetic field on the loading. (a)
Dependence of atom number on the added magnetic field ∆B.
(b) Dependence of temperature on ∆B.
the repump beam parameters IR is weak with ∆R close
to zero. As shown in Fig. 2(a), the profile is sharp for
weak repump power of IR = 10 µW/cm
2, while the pro-
file broadens and a dip around the resonance appears for
a beam of IR = 28 µW/cm
2 with the peak atom number
slightly decreased. This result suggests that an excessive
repumping rate leads to the atom loss. The decrease in
the atom number with the increase of IR is most probably
related to the light-assisted collisional loss, as discussed
in detail in [19]. The atom number is maximum for weak
and resonant (∆R = 0 MHz) in the configuration of this
experiment.
We also investigate the optimal intensity at a fixed
frequency of ∆R = 0 MHz. The result is shown in Fig.
2(b). The optimal beam intensity is ≈ 7 µW/cm2. The
atom number decreases for increasing IR, as expected
from the result in Fig. 2(a). For low intensities, the
atoms in the molasses are observed to fall because of
gravity. We suppose this sets the limit on the minimum
repump intensity in our setup.
IV. MAGNETIC FIELD DEPENDENCE
The absence of the magnetic field is essential for the
loading from the molasses. To investigate the influence
of the magnetic-field on the loading, we add a magnetic
field ∆B during the loading and observe the changes in
the atom number and the temperature. We regard the
magnetic field giving the lowest molasses temperature as
the zero point of the magnetic field (∆B = 0). When
adding a magnetic field ∆B, we observe the decrease in
the loaded atom number as shown in Fig. 3(a). We as-
cribe this to the diffusion or heating of the molasses in
the presence of the magnetic field. In fact, the diffusion
of atoms in the molasses is observed when the residual
field is not sufficiently reduced. The diffusion decreases
the density of the molasses as a reservoir of atoms and
leads to less loaded atom number. The maximum atom
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FIG. 4: Influence of the magnetic field gradient on the load-
ing. (a) Dependence of atom number on the added magnetic
field gradient Bgrad. (b) Dependence of temperature on Bgrad.
Bgrad represents the magnetic field gradient along the coil
axis.
number is obtained when |∆B| < 100 mG and the atom
number becomes half of the maximum when |∆B| is ap-
proximately 250 mG. We also observe the temperature
of the loaded atoms increases by 5 µK when |∆B| is 250
mG.
We also confirm the effect of magnetic field gradient
on the loading efficiency. Atom number and temperature
in the optical trap are measured when a quadrupole field
generated by the coil for MOT is applied in the second
half of the loading period. We note that the loading
parameters are different from that used in taking data
in Fig. 3. The (total) loading period is 120 ms and the
quadrupole field is applied for 60 ms. ∆M is −200 MHz
in this experiment. The optical trap beam detuning from
the D2 line is −1.2 THz. The beam power is set to 220
mW during the loading and decreased to 68 mW during
the holding time of 25 ms after the loading to reduce
the heating by the trap beam (described later). Using
absorption images of atoms, we confirm that the optical
trap beam center is almost at the center of the MOT
after the compression, which is expected to coincide with
the center of the quadrupole field, to keep the magnetic
field induced by the quadrupole field small.
Figure 4(a) indicates that the atom number is reduced
when the magnetic field gradient is applied. The decrease
in the atom number can be explained as follows. Because
the cooling beam is very detuned from the cycling F=2 -
F
′ =3 transition, the MOT does not work. The magnetic
field gradient rather diffuses atoms of the reservoir, which
leads to the smaller loading rate and fewer atoms in the
optical trap. No significant change in the temperature is
observed in this experiment as shown in Fig. 4(b).
The results in Fig. 4 imply the efficient loading is not
achieved with using the MOT requiring a magnetic field
gradient. The detuning of the cooling beam cannot be
taken so large with maintaining the trapping force by
MOT as discussed above. While the loading from the
molasses is optimized for the frequency close to F=2 -
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FIG. 5: (color online) Number of atoms in the optical trap as
a function of the loading time. The atom number is measured
for trap beam powers of 196 mW (red circles), 151 mW (green
triangles), and 105 mW (blue squares). The corresponding
trap depths are 280 µK, 210 µK, and 150 µK, respectively.
The solid lines are fitting curves of Eq. (1).
F
′ =2 transition and at the blue side of the transition,
atoms would diffuse in the MOT configuration with such
a largely detuned cooling beam. The efficient loading in
our scheme can be regarded as the result of the combi-
nation of large detuning and no magnetic field gradient.
V. LOADING DYNAMICS
Figure 5 shows the loading curves for three different
trap depths. The trap depths (and the corresponding
trap beam powers) are 280 µK (196 mW), 210 µK (151
mW), and 150 µK (105 mW). The cooling and repump
beam parameters are IM = 28 mW/cm
2, ∆M = −232
MHz, IR = 7.1 µW/cm
2, and ∆R = 0 MHz. As the
atom number reaches a few millions within 20 ms, the
loading rate is roughly estimated to be higher than 108
atoms/s. The solid lines are fitting curves based on the
simple loading model described below. The gradual de-
crease in the atom number is attributed to the molasses
lifetime and collisional losses. The large maximum atom
number indicates that the loading rate exceeds the mo-
lasses loss rate and the collisional loss rate in the trap.
Although the molasses loss rate is higher than that of
MOT and one might expect the loading from the mo-
lasses is less effective, the high loading rate enables us
to load several million atoms from the molasses into the
trap.
The time dependence of the atom number in the optical
trap N can be described by
dN
dt
= R0 exp(−γMt)− β′N2, (1)
where R0 is the initial loading rate and γM and β
′ are
the loss rate of the molasses and the two-body loss co-
efficient, respectively [19]. We omit the one-body loss
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FIG. 6: Loading rate (a) and two-body loss coefficient (b)
plotted against the trapping beam power P . The solid line in
(a) is the fit by R = A
√
P , where A = 2.2(1) × 106 atoms/(s√
mW ).
term because it is negligible in the concerned time scale.
We also neglect the three-body collisional loss term for
the simplicity of the discussion. This neglect is safe be-
cause the two-body loss (which is due to light-assisted
collision by the cooling beam as discussed below) is dom-
inant over the three-body collisional loss in the loading
process considered here. The model in Eq.(1) fits the ex-
perimental data. The fitted parameters are plotted as a
function of the trap beam power P in Fig. 6. As shown
in Fig. 6(a), the loading rate R0 ranges from 1.8(1)×108
atoms/s to 2.9(2)×108 atoms/s. The rates are almost 10
times higher than that achieved by loading directly from
the MOT, in which case R0 is approximately 3 × 107
atoms/s when the trap depth is ∼ 1 mK [19].
The high loading rate is considered to be resulted from
the high density of molasses. Since nv (n : atom den-
sity, v : the atom velocity) is almost constant in the
sub-Doppler regime [21], low temperature of the molasses
leads to high density. Although the loading rate depends
on atom flux into the optical trap and the flux is propor-
tional to nv, we suspect that the v of an atom entering
the trap is determined by the trap potential depth U0,
independent of n. Because the molasses temperature is
much less than U0/kB, the conversion of a fraction of
U0 to kinetic energy determines the v of an atom enter-
ing the trap. The fact that the observed loading rate is
proportional to
√
P , as shown in Fig. 6(a), supports the
inference that a fraction of U0 is converted to v. The high
damping coefficient in PGC is another possible reason for
the increase of the loading rate. As a large damping co-
efficient leads to the overdamping of atom motion in the
trap, an atom entering the trap is expected to be trapped
with a high trapping probability.
The values of the fitted two-body loss coefficients
shown in Fig. 6(b) are comparable to the results in [19],
in which β′ of several 10−6 (atoms s) −1 is reported for
a trap beam of w0 = 26 µm. As already discussed in
[19], the two-body loss is mainly caused by light-assisted
collisions. The molasses loss rate γM is around 50 s
−1
for any P , which is consistent with the decrease of the
number of atoms in the molasses.
VI. INITIAL TEMPERATURE AND
PHASE-SPACE DENSITY
In order to measure the initial temperature T0 immedi-
ately after the completion of loading, the heating due to
the photon scattering of the trap beam during the hold-
ing time should be taken into account because the small
detuning of −2.3 THz from the D2 line leads to a high
photon scattering rate in comparison with large detuning
in far-off resonant trap. We measure the heating rate in
the optical trap as 0.30 (5) µK/(s mW) from the tem-
peratures measured after several holding durations from
25 ms to 95 ms assuming a constant heating rate.
For the optimal parameters (IM = 28 mW/cm
2, ∆M =
−232 MHz, IR = 7.1 µW/cm2, ∆R = 0 MHz and 40 ms
loading), we produce atom clouds in the optical trap with
the atom number N and temperature T after the holding
of 25 ms being 3.1(2)× 106 and 16.2(5) µK, respectively.
Using the measured heating rate, we estimate the ini-
tial temperature T0 to be 14.7 (7) µK corresponding to
∼ U/20, although T0 is higher than the temperature of
atoms in the molasses.
The initial low temperature in the optical trap of tight
confinement naturally leads to a high PSD. For the above
case, the initial PSD estimated from N and T0 is 1.1 ×
10−3. This is one or two orders of magnitude greater than
that in the loading from the MOT, which typically gives
ρ ∼ 10−4 or 10−5. It is noted that the true initial PSD
is greater than this estimation because the initial atom
number N0 is reduced to N during the holding time.
In order to take advantage of this high initial PSD, it
is desirable to suppress heating and atom loss after load-
ing. While light-assisted two-body loss diminishes after
loading with the optical molasses beams finishes, we need
to consider the three-body collisional loss. In particular,
the cold atoms in the trap of tight confinement with a
high peak density (∝ ν¯3T−3/2, ν¯ : mean trap frequency)
are susceptible to the three-body collisional loss. While
the peak density in the deepest trap in this work is es-
timated to be 9 × 1012 cm−3, higher density near 1014
cm−3 leads to a non-negligible three-body collisional loss
rate [22]. We find that the sudden decrease in the trap
beam power after the loading can be a countermeasure
against the high density. By reducing the trap beam
power to about half of the initial value immediately af-
ter the loading, the temperature decreases with the atom
number almost same to that without the trapping beam
power reduction. Although the PSD decreases slightly,
this is a good start point for the evaporation because the
loss and heating of atoms are suppressed in the trap of
reduced power.
6VII. DISCUSSION
We discuss the characteristic features of the load-
ing scheme in this work compared with other loading
schemes. First, as commented already, the loading from
the molasses can reach to lower temperature than the
loading from the MOT. The loading is sensitive to the
magnetic field as shown in Fig. 3. Next, we compare our
scheme with other works using the optical molasses for
the optical trap loading. There have been few reports on
the loading with the optical molasses. Dumke et al. [23]
used transitional molasses phase where the magnetic-field
gradient for the MOT is gradually decreased in 60 ms for
the loading of 23Na atoms into the crossed beam trap.
The reported initial temperature is approximately 1/10
of the potential depths and the effect of PGC is unclear.
Recently, the efficient loading using D1 gray-molasses is
realized for 39K [24] and 6Li [25]. For these atoms, the
small hyperfine splitting prevents effective PGC in the
MOT and the use of D1 gray-molasses is a crude choice.
Nevertheless, the loading using normal (“bright”) mo-
lasses on D2 line for the MOT has not been reported as
far as we know, although this loading method seem to
be simple (for atoms in which bright molasses effectively
works) to be implemented. The required large detun-
ing of the cooling beam (∆M) for optimizing the loading
might have been making the pursuit of the loading from
the molasses difficult. The result in Fig. 1 indicates that
the increase in the atom number is not due to the cool-
ing by the large detuning. We ascribe the increase of the
atom number to small light-assisted collisional when the
detuning is large. The analysis of the loading dynamics
for different ∆M shows that β
′ decreases when the ∆M
is changed from −200 MHz to −248 MHz, while R0 is
almost constant.
VIII. SUMMARY AND OUTLOOK
We successfully loaded a large number of atoms with
low temperature in an optical trap by simply overlap-
ping molasses and the trap beam. The loading is op-
timized when the beam detuning due to molasses is ap-
proximately −230 MHz, and the loaded atoms are cooled
to a temperature less than 1/10 of the trap depth. De-
spite the short molasses lifetime, the optimized loading
enables the molasses atoms to be loaded into the optical
trap efficiently within the lifetime of the molasses.
The high initial PSD is advantageous for reducing the
evaporation time. A short evaporation time is helpful
for experiments requiring a high repetition rate. The re-
duction in the evaporation time also decreases the loss
during the evaporation, including the loss due to colli-
sion with the hot background atoms. Thus, the high
initial PSD will enable one to create a quantum gas in
a rough vacuum environment. This is particularly suit-
able for hybrid experiments combining cold atoms with
other systems. The fast evaporation might also open the
possibility of evaporative cooling in an optical trap of a
moderate detuning, as was used in this work.
A larger atom number is also expected when using a
trap having a larger volume combined with the loading
from the molasses. Loading of more than 1 × 107 atoms
is expected with the use of a high power and wide trap
beam, as demonstrated with the gray-molasses [24, 25].
The expected stagnation after the evaporation is pro-
ceeded due to the low density and collisional rate be-
tween atoms in a large trap can be compensated by an
elaborate dynamical beam-size change [9, 26]. Combin-
ing these techniques, the all-optical production of a BEC
with 1×106 or even more atoms is expected. Such a large
BEC in an optical trap is suitable for many experiments
including multi-component and spinor BEC experiments
[3–6].
The loading method demonstrated here should be ap-
plicable to other experiments of cold atoms, and atoms
with large hyperfine splitting in particular, because no
additional lasers nor changes in the MOT paths are re-
quired. The method will broaden the applications of cold
atom gases owing to its capability of producing ultracold
or quantum degenerate gases of large number of atoms
in a short time.
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